Background: Endometrial carcinoma (EC) is one of the most common gynecological malignancies among women. Maternal embryonic leucine Zipper Kinase (MELK) is upregulated in a variety of human tumors, where it contributes to malignant phenotype and correlates with a poor prognosis. However, the biological function of MELK in EC progression remains largely unknown. Methods: We explored the MELK expression in EC using TCGA and GEO databases and verified it using clinical samples by IHC methods. CCK-8 assay, colony formation assay, cell cycle assay, wound healing assay and subcutaneous xenograft mouse model were generated to estimate the functions of MELK and its inhibitor OTSSP167. qRT-PCR, western blotting, co-immunoprecipitation, chromatin immunoprecipitation and luciferase reporter assay were performed to uncover the underlying mechanism concerning MELK during the progression of EC. Findings: MELK was significantly elevated in patients with EC, and high expression of MELK was associated with serous EC, high histological grade, advanced clinical stage and reduced overall survival and disease-free survival. MELK knockdown decreased the ability of cell proliferation and migration in vitro and subcutaneous tumorigenesis in vivo. In addition, high expression of MELK could be regulated by transcription factor E2F1. Moreover, we found that MELK had a direct interaction with MLST8 and then activated mTORC1 and mTORC2 signaling pathway for EC progression. Furthermore, OTSSP167, an effective inhibitor, could inhibit cell proliferation driven by MELK in vivo and vitro assays. Interpretation: We have explored the crucial role of the E2F1/MELK/mTORC1/2 axis in the progression of EC, which could be served as potential therapeutic targets for treatment of EC.
Introduction
Corpus uteri carcinoma, mainly endometrial carcinoma (EC), is the sixth most prevalent carcinoma among women, accounting for 4.4% of cases in 2018 [1] . The incidence rate of EC is increasing steadily over time especially in the countries undergoing socioeconomic transition [2] . With the increase in the incidence of obesity in younger age groups, the incidence of EC is increasing in the premenopausal population [3] . Modern medicine has made great progress on the therapy for EC, but there is still no effective treatment of advanced recurrent EC. In addition, conservative treatment to preserve fertility is becoming especially important for young women with early-stage EC. Therefore, investigation of the pathogenesis of EC and identification of the potential therapeutic targets need to be addressed in the current scientific research.
It is well known that kinases, as a class of proteins that play vital roles in tumor cells, are easily suppressed by specific inhibitors for antitumor therapy. A variety of kinase-related inhibitors have been used in preclinical or clinical studies on EC therapy, such as inhibitors of the PI3KÀAKTÀmTOR pathwayÀassociated kinases [4] and HER-2 [5] . Metformin can inhibit EC cell growth via the AMPK pathway [6] . Nonetheless, there are still no effective targeted drugs for EC. AMPK-related kinases (ARKs) are closely related by sequence homology to the catalytic domain of AMPK [7] and remain largely uncharacterized as compared with the depth of research on AMPK. The ARK family contains 12 kinases: BRSK1, BRSK2, NUAK1, NUAK2, QIK, QSK, SIK, MARK1, MARK2, MARK3, MARK4, and maternal embryonic leucine zipper kinase (MELK). We attempted to study one ARK, MELK, which is overexpressed in many tumors.
MELK contains an N-terminal catalytic domain, a ubiquitinassociated domain (UBA domain) adjacent to the catalytic domain, and a kinase-associated 1 domain at the C terminus. MELK is complicatedly regulated by autophosphorylation, autoinhibition, reducing agents, and free Ca 2+ [8] . Among the 12 ARKs, MELK is the only kinase that cannot be phosphorylated and activated by LKB1 [9] . MELK expression is mainly involved in mesenchy-malÀepithelial transitions during embryogenesis stages, and there is little or no expression of this protein in adult tissues [10] . MELK is commonly expressed in some tissue-specific progenitor cells [11] , is overexpressed in many cancers, and may be a novel biomarker of some malignant tumors [12, 13] . Mouse development and physiology are not affected in MELK knockout mice [14] , indicating low toxicity of MELK-targeted cancer therapy. OTSSP167, a specific MELK inhibitor, has been tested against many cancer types [15] [16] [17] . Nevertheless, the biological effects of MELK in EC remain poorly understood and are expected to be explored.
Here, we show that MELK is necessary for EC growth. We found that MELK was overexpressed in EC, and the high expression of MELK was caused by a transcription factor (TF) called E2F1. MELKpromoted EC progression may involve the mTORC1 and mTORC2 pathway.
Materials and methods

Clinical samples and database analysis
Two tissue microarrays containing 360 tumor tissues and 40 nontumor tissues were constructed. All paraffin-embedded samples were obtained from Shanghai Jiao Tong University Affiliated Sixth People's Hospital in China and the First People's Hospital of Huai'an City in Jiangsu, China, between April 2003 and March 2013. Noncancerous samples were obtained from patients with nonmalignant diseases like endometrial polyps, uterine leiomyoma, and endometrial hyperplasia. All of them provided written informed consent, and all the experiments were approved by the Research Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People's Hospital and complied with the Declaration of Helsinki. A sample was excluded from the analysis if the stripping area was more than 50%.
The gene expression profile results were downloaded from the Gene Expression Omnibus database (GSE17025) at the NCBI. The dataset of UCEC (Uterus Corpus Endometrial Carcinoma) was retrieved from TCGA on January 1, 2017. We subsequently used these databases to perform gene set enrichment analysis (GSEA).
GSEA was performed in the GSEA software provided by the Broad Institute (http://www.broadinstitute.org/gsea/index.jsp). GSEA was performed for comparing the expression profiles in gene sets named h.all.v6.1.symbols.gmt [Hall-marks] from the Molecular Signature Database between a high-MELK-expression group and a low-MELKexpression group based on the median of TCGA or GEO MELK profiles and assesses the enrichment score. We ranked the EC patients according to the mRNA expression level of MELK. The first 30% of the patients were chosen as the low-expression group and the last 30% of the patients were assigned to the high-expression group. KaplanÀMeier analysis and GSEA were conducted by the above grouping method.
Culture of cell lines and transfection
Human EC cell lines were all stored at Shanghai Cancer Institute. All these cells were cultured in a suggested medium (Invitrogen, Carlsbad, USA) according to ATCC protocols.
SiRNAs targeting different genes were purchased from Gene-Pharma (Shanghai, China), and the sequences are listed in supplementary Table 1 (Table S1 ). SiRNA transfection was performed using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA). HEC1A and ISK cells were infected with LV3-puro-shMELK (sh1 and sh2) and GV492-puro-MELK lentiviruses and cell clones were selected for puromycin resistance. MELK wild-type and kinase-dead mutant (D150A) plasmids were constructed previously [18] and then were transfected into wild-type ISK cells for further study.
Quantitative real-time PCR (qRT-PCR)
RNA extracted from EC cell lines was subjected to reverse transcription and subsequently underwent quantitative real-time PCR utilizing a 7500 Real-time PCR system (Applied Biosystems, USA). Relative mRNA expression was calculated by the 2 ÀDDCt method and normalized to 18S mRNA levels. Primer sequences used in this study are listed in Table S2 . Experiments were conducted independently in at least triplicate.
Western blotting
Cell lysis was performed and protein concentration was measured. The cell lysates were separated by SDS-PAGE in a 6À15% gel and transferred to a nitrocellulose membrane. The membrane was probed with primary antibodies and species-specific secondary antibodies. The antibodies are listed in Table S4 . Bound secondary antibodies were detected by means of an Odyssey imaging system (LI-
Research in context
Evidence before this study Profound upregulation of maternal embryonic leucine zipper kinase (MELK) has been reported in many types of carcinomas and is associated with the malignant phenotype and poor prognosis. In the progression of Endometrial carcinoma (EC), the role of MELK remains unclear and needs to be investigated.
Added value of this study
This study demonstrated that MELK was significantly overexpressed in EC and high-expressed MELK predicted unfavorable overall survival and disease-free survival. MELK promoted EC cell proliferation and migration and regulated cell cycle. MELK can be transactivated by E2F1. Mechanistically, we uncovered that MELK promotes EC progression by activating MELK/mTOR signaling pathway. In addition, we also demonstrated that OTSSP167, one effective MELK inhibitor, may be a candidate drug for EC therapy.
Implications of the available evidence
This research revealed the role of MELK in the progression of EC and uncovered the underlying mechanisms. As the specific MELK inhibitor, OTSSP167 might be a potential targeted drug for EC therapy.
COR Biosciences, Lincoln, NE) or Bio-Rad ChemiDoc MP Imaging System (Bio-Rad, USA).
Immunohistochemistry (IHC) analysis
Briefly, the primary antibodies anti-MELK (1:200, Sigma), anti-E2F1 (1:100, Abcam) and anti-Ki67 (1:1000, Abcam) were incubated with the slides first. Each tumor was assigned a score according to the intensity of the nuclear or cytoplasmic staining (0 = no staining, 1 = weak staining, 2 = moderate staining, and 3 = strong staining) and the proportion of stained tumor cells: (0) <5%, (1) 5À25%, (2) 25À50%, (3) 50À75%, and (4) 75À100%. The scoring was judged independently by two pathologists in a blinded manner. The final immunoreactive score was determined by multiplying the intensity scores by the proportions of stained cells, resulting in "À" for a score of 0, "+" for a score of 1À4, "++" for a score of 5À8, and "+++" for a score of 9À12. Tumors with scores 5 were defined as tumors with high expression of MELK (or E2F1), whereas the others were defined as tumors with low MELK (or E2F1) expression.
Immunofluorescence assay
Briefly, cells were probed with the anti-MELK antibody (1:200, Abcam) and anti-MLST8 antibody (1:50, Abcam) overnight at 4°C, followed by an Alexa Fluor 594 conjugated anti-rabbit antibody (1:200 Jackson) and Fluor 488Àconjugated anti-mouse antibody (1:200, Jackson). The nuclei were stained with 4 0 ,6-diamidine-2 0 -phenylindole (DAPI; Sigma), and the immunofluorescence signals were captured by confocal microscopy (Carl Zeiss).
Cell proliferation assay and cell viability assay
Cell proliferation was measured by the Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan). The cells (3 £ 10 3 cells/well) were cultured in a 96-well plate and OD 450 was measured 1 h after addition of CCK-8 at 0, 1, 2, 3, and 4 days. For the drug sensitivity assessment, AN3CA, ECC-1, HEC1A, HEC1B, ISK and KLE cell lines were treated with different concentrations of OTSSP167 (0, 1, 10, 100, or 1000 nM, Selleck). According to the IC 50 curve, the said cell lines (HEC1A) were treated with other concentrations of OTSSP167 (0, 1, 10, 20, 30, 40, or 50 nM). Subsequently, the optimal concentrations of OTSSP167 (10 and 20 nM) were used to treat the cell lines to measure cell proliferation.
Colony formation assay and Cell cycle analysis
Colony formation assay and cell cycle analysis were performed as previously described [19] .
Wound-healing assay
AN3CA or HEC1A cells were seeded and scratch wounds were made when the cell confluence reached~80% at~48 h post-transfection. The resultant cultures were incubated in a serum-free medium for 24 h, and then three visual fields were randomly picked from each scratch wound and visualized by microscopy. The experiments were performed in triplicate.
Mouse xenograft model
Six-week-old athymic nude mice (BALB/c, females) were housed under standard conditions, and all the animal experiments were carried out according to the animal experimental protocols approved by the Research Ethics Committee of East China Normal University. For subcutaneous xenograft study, 2 £ 10 6 HEC1A cells infected with virus expressing either LV3-puro-shMELK (sh1 and sh2) or empty vector (n = 5 per group) were subcutaneously injected. For OTSSP167 effects on EC, 2 £ 10 6 HEC1A cells were injected subcutaneously into the mice. Mice bearing similar sized tumors (two weeks after injection) were randomly divided into two groups and were treated with either DMSO or OTSSP167 (10 mg/kg, intraperitoneal injection once a week) for 4 weeks [20] . The tumor diameters were measured every 7 days. Tumor volume was estimated via the formula V = 1/2 (a £ b £ b), where a represents the major tumor axis, and b denotes the minor tumor axis. After 5 or 6 weeks, the mice were euthanized to dissect and weigh tumors. Then the tumor samples were fixed and prepared for subsequent histological analysis.
Chromatin immunoprecipitation (ChIP)
HEC1A and AN3CA cells were fixed in 1% formaldehyde solution at 37°C for 10 min. ChIP assay was performed using the Pierce TM agarose ChIP kit (Thermo Fisher Scientific). Premix Taq (CST, USA) was used to quantify the DNA-protein complexes formed by immunoprecipitating DNA with control IgG (CST), anti-E2F1 antibody (1:100, CST) from the sonicated cell lysates. The specific primers used in the process of ChIP were listed in Table S3 .
Luciferase reporter assay
Briefly, wild-type or E2F1 overexpressed HEC1A and AN3CA cells were co-transfected with pGL4.10-promoter vectors and pRL-TK Renilla plasmids. A Dual-Luciferase Reporter Assay System (Promega, USA) was used to analyze the luciferase activity. The data are presented as the fold change relative to the control group. The pRL-TK Renilla luciferase expression plasmid served as an internal control.
Co-immunoprecipitation (Co-IP) assay
Total protein from AN3CA and HEC1A cells was extracted using total protein extraction buffer (Beyotime, China). Protein A/G Sepharose (Santa Cruz Biotechnology) was preincubated with an anti-MELK (1:50, CST) or anti-MLST8 (1:50, CST) antibody for 60 min on a spinning wheel at 4°C, followed by two washes. All IPs were performed overnight on a spinning wheel at 4°C. The beads were collected by centrifugation at 3000 £ g, followed by three washes with lysis buffer. The immunoprecipitates were subjected to western blotting.
Statistical analysis
These analyses were conducted in the SPSS 19.0 software (SPSS, USA). The results are presented as means § SD, and the comparisons were conducted by two-tailed Student's t-test. The relation between
MELK expression and clinical parameters was tested by the x 2 test
and Fisher's exact test. For survival analysis, the KaplanÀMeier method was employed in the GraphPad Prism 7 software. Survival curves were analyzed by the logrank test. For all tests, data with p < 0.05 were considered statistically significant.
Results
MELK is overexpressed and correlates with poor prognosis in EC
The physiological roles of ARKs include the regulation of cell polarity, cell migration, and metabolism at cell and organismal levels [21] . ARKs are dysregulated in many tumors and may play vital roles in tumor progression. To explore the potential relations between ARKs and EC, we compared the expression of the 12 ARKs (BRSK1, BRSK2, MARK1, MARK2, MARK3, MARK4, NUAK1, NUAK2, SIK1, SIK2, SIK3, and MELK) between a normal group of patients (NC) and a group of EC patients in the UCEC datasets of TCGA. MELK expression showed the highest fold difference (Tumor/NC) and the best p value (Student's t-test; Supplementary Fig. 1a ). What most interested us is that the function of MELK has not been studied deeply in EC. Thus, we focused our research on the roles of MELK in EC progression.
The mRNA expression levels of MELK were analyzed in TCGA and GEO databases. MELK was found to be significantly overexpressed in EC tissue samples compared with the normal counterparts in both TCGA and GEO datasets ( Fig. 1a ). Moreover, we found that higher MELK expression was related to higher grade (grade 3), later stage (III and IV), and serous EC histological types (Fig. 1b-c and Supplementary Fig. 1b-c ). Furthermore, KaplanÀMeier analysis of the patients' follow-up data from TCGA revealed that the overall survival and disease-free survival of patients with EC overexpressing MELK were significantly shorter than those in patients with low expression of MELK (p < 0.05; Fig. 1d ).
To verify the protein expression level of MELK in patients, tissue microarrays (360 EC patients' samples and 40 control patients' samples; 250 EC patients had complete follow-up information) were subjected to IHC analysis. Expectedly, MELK turned out to be upregulated in EC relative to the normal controls ( Fig. 1e and f) . With the increase of histological grade, the positivity rate of MELK expression increased (Fig. 1e ). Next, we investigated the relation between the protein levels of MELK and clinical parameters of patients with EC (Table 1 ). Our results showed that high MELK expression was associated with histological grade (p < 0.001), clinical stage (FIGO, p = 0.001), and lymph node metastasis (p = 0.03). No significant correlation was observed between MELK expression levels and age, menopause status, family history, and pathological type (p > 0.05). Univariate and multivariate analyses of EC prognostic parameters were also conducted among our patients ( Table 2 ). Our results indicated that high expression level of MELK is one of risk factors of EC.
To determine the prognostic value of MELK in EC, the correlation between MELK expression and clinical follow-up information was assessed by the KaplanÀMeier analysis. High MELK expression was associated with poor overall survival (p = 0.0015; Fig. 1g ). Then, we analyzed the correlation of overall survival with MELK expression among patients with advanced EC that was classified as grade 2 and 3 or stage Ⅱ, Ⅲ, or Ⅳ. These results showed that patients with advanced EC and high MELK expression in the tumor experienced significantly shorter overall survival than those with low MELK expression ( Fig. 1h and i).
MELK promotes cell proliferation and migration of EC cells
To further investigate the potential biological function of MELK in EC progression, we knocked down MELK in EC cell lines. MELK was found to be highly expressed in AN3CA and HEC1A cells compared with other EC cell lines we have ( Supplementary Fig. 2a and c). The interference efficiency of two small interfering RNAs (siRNAs, MELK-si1 and MELK-si2) was measured by qRT-PCR and western blotting ( Supplementary Fig. 2b and d ). Next, we evaluated the proliferation and migration of AN3CA and HEC1A cells after the knockdown of MELK. A CCK-8 assay and colony formation assay revealed that downregulation of MELK significantly inhibited proliferation of both AN3CA and HEC1A cells (p < 0.05; Fig. 2a and b ). The silencing of MELK significantly suppressed the migration of AN3CA and HEC1A cells in a wound-healing assay ( Fig. 2d and e ). Quantitative and statistical analyses of cell colonies and the percentages of wound-healing uncovered significant differences (p < 0.05) between the siRNA control group and siMELK groups after the experiments were repeated three times ( Fig. 2c and f) . To investigate whether the kinase activity was required for the functions of MELK in EC, two plasmids MELK-OE (MELK-wide type) and MELK-MUT (D150A-MELK [22] , kinase dead, Fig. 2g ) were transfected into ISK cells. The results showed that when the kinase activity of MELK was deprived, the ISK cell lost its proliferation ability given by MELK ( Fig. 2h and i) . Hence, kinase activity was needed when MELK played its oncogenic roles in EC. Recent studies indicate that MELK may be involved in cell cycle regulation [23] . Our results showed that the knockdown of MELK induced cell cycle arrest at the G2ÀM transition in HEC1A cells ( Supplementary Fig. 2e and f). The expression of cyclin B1 was low, further proving the arrest at the G2ÀM transition after MELK was silenced ( Supplementary Fig. 2g ).
Besides, we analyzed the proliferation-promoting properties of MELK in vivo. To validate the importance of MELK in EC growth regulation, we generated two stable MELK knockdown (MELK-sh1 and MELK-sh2) cells and control HEC1A cells (MELK-NC). The knockdown efficiency of MELK was detected by qPCR and Western blotting ( Fig. 3a and b ). MELK-sh1, MELK-sh2 and MELK-NC cells were subcutaneously injected into nude mice. The MELK sh1 and sh2 groups manifested a significant delay in the growth of xenografted tumor and a reduced tumor burden as compared with MELK-NC group (Fig. 3c -f ). IHC analysis pointed to lower expression of the proliferation marker Ki67 in the MELK-knock-down xenografts (Fig. 3g ). This result indicated that MELK promoted the proliferation of HEC1A cells.
E2F1 promotes transcriptional activation of MELK in EC
DNA copy number gains are important for gene overexpression. To test whether gene amplification contributes to the higher expression of MELK in EC, MELK alterations were analyzed in the genomicscale sequencing data on EC in TCGA. The results showed that MELK gene amplification was present in only 5 of 539 samples (1.0%; Fig. 4a and b): insufficient evidence to explain the overexpression of MELK. Several studies and public databases have revealed that there is no genetic alteration such as gene amplification or epigenetic dysregulation affecting MELK expression [24, 25] . Thus, we attempt to find the possible TFs that can transactivate MELK expression.
Websites PROMO (http://alggen.lsi.upc.es/cgi-bin/promo_v3/ promo/promoinit.cgi?dirDB=TF_8.3) and JASPAR (http://jaspar.gen ereg.net/) were used to explore possible TFs for a primary prediction. Eleven TFs were screened out ( Fig. 4c ), among which E2F1 attracted our attention. The correlation between E2F1 and MELK expression levels was much higher as compared with the 10 other TFs (R = 0.5761 in TCGA; R = 0.5091 in GEO; p < 0.001; Fig. 4d , Supplementary Fig. 3a) .
A ChIP assay was performed to confirm the binding of E2F1 to the MELK promoter ( Fig. 4eÀg ). We designed 10 primer sets covering the individual E2F1-binding motifs in the MELK promoter for PCR. The results clearly indicated E2F1 binding at the MELK promoter sites 3 and 9 in both AN3CA and HEC1A cells. To obtain more definitive evidence, we cloned the intact MELK promoter into luciferase constructs. When introduced into AN3CA and HEC1A cells, the constructs with an intact MELK promoter yielded increased luciferase activity, indicating direct transcriptional modulation of the MELK promoter by E2F1 ( Fig. 4i ). Moreover, reporter assays revealed that mutations of predicted binding site 3 or 9 abrogated the responsiveness to E2F1 in AN3CA and HEC1A cells, thus pointing to the specificity of regions À551 to À543 and À2315 to À2307 as the E2F1-binding sites in the MELK promoter ( Fig. 4h and i) .
Next, we detected the regulatory effect of E2F1 on MELK expression by means of an siRNA targeting E2F1. As depicted in Supplementary ( Fig. 3b and c) , the protein and mRNA expression levels of MELK decreased after E2F1 was knocked down in the two EC cell lines. IHC analysis of the same tissue microarray revealed that MELK expression strongly correlated with E2F1 at the protein level ( Supplementary  Fig. 3d and e ). In addition, we found that E2F1 expression was significantly higher in patients with EC and high expression of E2F1 was associated with shorter overall survival ( Supplementary Fig. 4a and  b ). CCK-8 assay and colony formation assay demonstrated that knockdown of E2F1 could decrease the capacity for cell proliferation in EC ( Supplementary Fig. 4c and d) . E2F1 may promote EC progression via regulating the expression of MELK. Collectively, these results suggested that high expression of MELK in EC was due to transcriptional activation by E2F1.
MELK can activate mTORC1 and À2 signaling by interacting with MLST8
In tumor progression, highly expressed genes frequently activate multiple cell growthÀrelated pathways. To further investigate the potential stimulatory action of MELK on EC progression, GSEA of Hallmarks gene sets was conducted based on the mRNA expression level of MELK in the databases. Our data implied that genes involved in the mTORC1 signaling pathway were particularly enriched in the MELK overexpression group (Fig. 5a ). As one of the mTOR complexes (mTORC1 and mTORC2), mTORC1 mainly regulates cell growth and metabolism. It is well known that mTOR complexes primarily function as kinases. How does MELK regulate mTORC1 signaling? Studies indicate that MELK phosphorylates and activates some signaling cascades by directly binding other proteins [26] [27] [28] . We hypothesized that MELK interacts directly with mTORC1. On a protein interaction analysis website [29] , we found that MELK can interact with MLST8, one of mTORC1 subunits.
Co-IP and immunofluorescence assays confirmed that MELK and MLST8 engage in a direct interaction ( Fig. 5b and c) . MLST8 is a subunit necessary for mTOR complex activation [30, 31] . The interaction between MELK and MLST8 may promote the activation of mTORC1 signaling. Therefore, western blotting was carried out to detect the phosphorylation of mTOR and of important substrates of mTORC1 (P70S6K and 4E-BP1) to determine the participation of MELK in the activation of mTORC1. The results showed that the phosphorylation levels of mTOR, P70S6K, and 4E-BP1 significantly decreased after the knockdown of MELK in HEC1A and AN3CA cells, while the total expression of mTOR, P70S6K, and 4E-BP1 underwent no obvious changes. This finding indicated that the MELK knockdown affected the activation of mTORC1 (Fig. 5d ). AKT phosphorylated at Ser473 has been demonstrated to be a reliable indicator of mTORC2 activity [32] . Of note, the phosphorylation of AKT (Ser473) also decreased when MELK was knocked down (Fig. 5d ), suggesting that MELK may promote mTORC2 activation as well. Accordingly, MELK seems to activate both mTORC1 and mTORC2.
To further confirm that MELK activates mTORC1, we overexpressed MELK in ISK cells. The wild-type ISK cells (WT) and MELKoverexpressing cells (MELK-OE) were treated with an S6K inhibitor: LY2584702 (1 mM [33, 34] ). The CCK-8 assay indicated that cell viability in the MELK-OE group significantly increased compared with MELK-WT group. When treated with LY2584702, the cell viability in MELK-OE group was partially decreased compared with MELK-OE cells treated with DMSO. (Fig. 5e ). Western blotting revealed that the level of phosphorylated P70S6K increased when MELK was overexpressed and decreased during treatment with LY2584702 ( Fig. 5f ).
OTSSP167 can inhibit EC cell growth by targeting MELK
OTSSP167 (OTS167) is a specific MELK inhibitor that has been tested in preclinical trials (https://clinicaltrials.gov/; two studies have been completed and the other two trials are at the recruitment stage). We attempted to evaluate the inhibitory action of OTSSP167 on the progression of EC. First, the toxicity of OTSSP167 to cell lines AN3CA, ECC-1, HEC1A, HEC1B, ISK and KLE were determined, and an IC 50 (half-maximal inhibitory concentration) curves were built and the IC 50 values were listed ( Supplementary Fig. 5a ). HEC1A and AN3CA cell lines were continued used for further study.
Different concentrations (0, 1, 10, 20, 30, 40, or 50 nM) of OTSSP167 were incubated with the HEC1A cells, and finally we chose 10 and 20 nM as the optimal concentrations for the subsequent experiments ( Supplementary Fig. 5b ). Our results revealed that OTSSP167 can significantly inhibit proliferation of both AN3CA and HEC1A cells (Fig. 6a-c) . To determine the in vivo effects of OTSSP167, we used the subcutaneous tumor model in nude mice. DMSO or OTSSP167 (10 mg/ml) was administered intraperitoneally once a week for 4 weeks (Fig. 6d ). Tumor growth (tumor weight and volume) was significantly suppressed in the OTSSP167-treated group compared with the DMSO group ( Fig. 6e-i) .
Western blotting was carried out to quantify the expression of related proteins when the cells were treated with different concentrations (10 and 20 nM) of OTSSP167 for 24 h. The results showed that OTSSP167 inhibited the expression of MELK. OTSSP167 inhibited the phosphorylation of mTOR, p70S6K, 4E-BP1 and AKT (Ser473) in a concentration-dependent manner. The protein expression of total mTOR, p70S6K, 4E-BP1, and AKT did not significantly change (Fig. 6j) . These data were consistent with the results of the MELK knockdown, further indicating that MELK can promote cell growth by activating the mTORC1 and À2 signaling. Fig. 7 .
Discussion
Profound upregulation of MELK in many types of carcinomas has been reported and is associated with the malignant phenotype and poor prognosis [35] [36] [37] . Our study revealed that MELK is overexpressed in EC tissues at both mRNA and protein levels. Moreover, high MELK expression correlated with high grade, late stage, lymph node metastasis, and the serous type of EC. Patients with overexpressed MELK tended to have a poor prognosis. Cox regression Values are means § SD, n = 3, *p < 0.05, **p < 0.01(student's t-test). b. The colony formation assay was performed to assess the cell proliferation capability after the MELK knockdown in AN3CA and HEC1A cells. The representative photographs of the colony formation assay are shown. Scale bar, 5 mm. c. Quantitative analysis of the colony formation assay from panel (b), the assay was repeated three times. Values are means § SD, *p < 0.05(student's t-test). d and e. The wound healing assay was performed to assess the effect of MELK siRNA on the migration of AN3CA and HEC1A cells. The representative images are presented. Black lines indicate the wound edge. Scale bar, 50 mm. f. Quantitative analysis of the wound healing assay, which was repeated three times, and wound healing assay from panels (d and e). Values are means § SD, *p < 0.05(student's t-test). g-i. The carcinogenic effect of MELK was dependent on its kinase activity. g. Kinase dead MELK (MELK-Mut) refers that the 150th aspartic acid (D) was mutated to alanine (A) in the MELK amino acid sequence. h. RT-PCR was used to detect the expression of MELK after ISK cells transfected with MELK-widetype and MELK-MUT plasmids. Values are means § SD, **p < 0.01(student's t-test). i. CCK-8 assay was used to detect ISK cell proliferation after the cells transfected with MELK-widetype and MELK-MUT plasmids. Values are means § SD, *p < 0.05 (Student's t-test). Fig. 3 . Effects of MELK knockdown on EC cell growth in vivo. a. and b. HEC1A cells were infected with either the lentivirus expressing MELK short hairpin RNA (MELK-sh1 and MELK-sh2) or control vector (MELK-NC), and cell clones were selected for puromycin resistance. The knock-down efficiency of MELK (sh1 and sh2) were detected by qPCR(a) and western blotting(b). c. Stable MELK knockdown cells and MELK-NC HEC1A cells were injected into female nude mice in each group (n = 5). The mice were euthanized at 5 weeks after the injection. Tumors were excised and weighed. Scale bar, 1 cm. d. Time course of xenograft growth. The tumor volumes of mice described in (c) were measured every week. Each point represents the mean § SD for the tumors. e. Statistical analysis of tumor weight growth over 5 weeks. The median, upper and lower quartiles were plotted, and the whiskers that extend from each box indicate the range values that were outside of the intra-quartile range; n = 5, **p < 0.01 (Student's t-test). f. Statistical analysis of tumor volumes growth over 5 weeks. The median, upper and lower quartiles were plotted, and the whiskers that extend from each box indicate the range values that were outside of the intraquartile range; n = 5, **p < 0.01 (Student's t-test). g. Representative images of Ki67 and MELK staining in xenograft tumors from ShMELK (MELK-sh1 and sh2) and MELK-NC mice.
Scale bar, 50 mm. Fig. 4 . MELK is the direct target of a TF called E2F1 in EC. a. MELK DNA copy number amplification findings from the genomic-scale sequencing data on EC in TCGA. b. The proportion of patients with different histological types of EC; the types were unclear in 23 EC patients. c. Two websites, PROMO and JASPAR, were employed to predict the potential TFs. Eleven TFs were possible candidates. d. A correlation between MELK expression and E2F1 expression was demonstrated in both TCGA and GEO databases. The relations between the two variables were determined via Pearson's correlation coefficients. e. A sketch map of primers for MELK promoter sequences. Ten primer sets for 300 bp partitions were designed for PCR to evaluate the direct binding of E2F1 to the MELK promoter, and the primer pairs produced 10 fragments of 300 bp. f and g. The ChIP assay was carried out to verify the potential E2F1-binding site in the MELK promoter region in cell lines HEC1A and AN3CA. Input fractions and IgG served as controls. h. A diagram of MELK mutant plasmids. i. Verification of MELK as an E2F1 target via luciferase reporter assays. Constructs with an intact MELK promoter yielded enhanced luciferase activities in E2F1-expressing HEC1A and AN3CA cells, whereas those carrying mutant sites showed strong repression of luciferase activities. Values are means § SD, **p < 0.01(student's t-test). . MELK activates mTORC1 and À2 by interacting with MLST8. a. GSEA using a hallmark gene set was performed to compare the high MELK expression group and low MELK expression group in both TCGA and GEO databases. MELK expression magnitude in the databases was ordered from low to high: the first 30% of samples were chosen as the lowexpression group, and the last 30% of samples were regarded as the high-expression group. Top significant pathways are listed in the left panel, and the mTORC1 signaling pathway was enriched (right panel). b. Co-IP assays were conducted to detect the interactions between MELK and MLST8 in both HEC1A and AN3CA cell lines. c. Immunofluorescence assays were conducted to verify the colocalization of MELK and MLST8. The curves below represent the colocalization of MELK with MLST8, the curves were constructed in the ImageJ software. d. Western blotting analysis of MELK and phosphorylated and total S6K, 4E-BP1, mTOR, and AKT during treatment with MELK-siRNA in both cell lines. b-Actin served as the loading control. e. MELK was artificially overexpressed (MELK-OE) in ISK cells and LY2584702, the S6K inhibitor, was used to treat the MELK-OE and wild type (WT) groups to evaluate the cell proliferation. DMSO is a control. Values are means § SD, *p < 0.05 (student's t-test) as compared with group "WT+DMSO"; # p < 0.05 (student's t-test) as compared with group MELK-OE+DMSO, n = 3. f. Western blotting analysis of MELK, phosphorylated P70S6K, and total P70S6K according to (e). On the fourth day of treatment with LY2584702, the protein was collected. analysis suggested that MELK overexpression may be one of risk factors of EC. Therefore, MELK may play vital roles in EC progression. In fact, MELK is overexpressed in most carcinomas of TCGA database (http://gdac.broadinstitute.org/). It is essential to study the involvement of MELK in EC development.
MELK participates in many biological processes including the cell cycle, apoptosis, and RNA processing and phosphorylates some specific substrates [8, 23, 38] . Our results revealed that overexpressed MELK in EC cells is mainly involved in cell proliferation and migration. The cell cycle was significantly arrested at the G2ÀM transition when MELK was knocked down. MELK upregulated subcutaneous tumorigenesis in vivo. The increased capacity for cell proliferation and migration and an accelerated cell cycle are hallmarks of cancer. We have reasons to believe that MELK is a bona-fide oncogene. MELK shows the largest fold change among ARKs in EC relative to the healthy tissue control. Significant differences between EC and normal tissues are also seen in the expression of some other ARKs: other ARKs can be phosphorylated and activated by LKB1 [9] , but they are either upregulated or downregulated in EC. Further studies are needed to investigate other ARKs in EC.
MELK is overexpressed in tumors, but little is known about how the expression of MELK is regulated. Wang et al. [14] have found that FoxM1 can promote the expression of MELK in basal-like breast cancer. MicroRNA-214À3 downregulates MELK, thereby inhibiting cell proliferation and cell cycle procession [39] . We found that high expression of MELK in EC is not caused by DNA copy number amplification. Therefore, we focused on some TFs and confirmed that E2F1 transactivates MELK expression by binding to the promoter of MELK. E2F1 is the most widely studied member of the E2F family in human malignant tumors and is often referred to as an activator because it transcriptionally activates multiple target genes [40] . E2F1 was found to not only highly correlate with the expression of MELK in EC but also to have some similarities in function with MELK. E2F1 can regulate cell proliferation, the cell cycle, cell migration [41] , and apoptosis [42] . E2F1 increases MELK expression in EC; this may be one of important mechanisms of EC progression.
High expression of MELK is caused by E2F1, and how exactly MELK promotes EC cell growth remains to be investigated. In this study, GSEA revealed that MELK regulates mTORC1 signaling. Mammalian target of rapamycin (mTOR) is a conserved serine/threonine protein kinase belonging to the phosphatidylinositol 3-kinase (PI3K)-associated kinase family. The mTOR pathway controls cell growth and is often dysfunctional in cancer [43] . The function of mTOR depends on two complexes: mTORC1 and mTORC2. mTORC1 is thought to be primarily involved in the regulation of cellular metabolism, cell growth, autophagy, translation, lipid biosynthesis, and ribosome biosynthesis [44] . Affected by growth factors, mTORC2 regulates survival, metabolism, proliferation, and actin cytoskeletal polarization [45, 46] . Our results indicate that MELK can interact with MLST8 and then activates mTORC1 (phosphorylates mTOR, S6K, and 4E-BP1) and mTORC2 (phosphorylates mTOR and AKT at Ser473). MLST8 binds to the catalytic domain of mTOR for stability and is a crucial subunit of both mTORC1 and mTORC2 [30, 47] . Structurally, MLST8 contains seven WD40 domain repeats. Most of the proteins containing this domain function as proteinÀprotein interaction adaptors in diverse biological processes [48] . MLST8 overexpression contributes to tumor progression by constitutively activating both mTORC1 and mTORC2 signaling pathways [49] . Our study shows that S6K inhibitor LY2584702 can partially suppress proliferation of MELK-overexpressing ISK cells; this is another example of mTORC1 activation by MELK. Although it has been reported that activation of mTORC2 inactivates mTORC1 [50] , this notion does not contradict our findings because of tumor heterogeneity and different growth conditions. Furthermore, our study indicates that OTSSP167 can suppress the proliferation and colony formation of AN3CA and HEC1A cells. OTSSP167 can suppress EC tumor growth in vivo by inhibiting MELK expression. OTSSP167 inhibited MELK expression and decreased the phosphorylation of mTOR, P70S6K, 4E-BP1, and AKT (Ser473), and this finding is consistent with the results of the MELK knockdown using siRNAs. OTSSP167, a novel quinolone-based compound, potently inhibits MELK expression. OTSSP167 represents one of the most potent MELK inhibitors in most studies and the treatment with OTSSP167 significantly decreases phosphorylation of two proteinsdebrin-like (DBNL) and proteasome a subunit 1 (PSMA1)-by MELK [51] . OTSSP167 can inhibit MELK autophosphorylation and break the stability of MELK [52] . OTSSP167 has high target specificity and minimal toxicity and is relatively easy to administer [53] .
Notably, recent studies have reported that MELK mutagenization mediated by CRISPR/Cas9 had no effects on 13 cancer cell lines [54] . Meanwhile, some studies raised the concern that the therapeutic effect of the MELK inhibitor, OTSSP167, in multiple cancer models is independent of MELK and due to off-target effects [54] [55] [56] [57] . Zhang et al. and Wang et al. used different genetic and chemical tools (RNA interference, CRISPR, or small -molecule inhibitors) to demonstrate the dependency of MELK in tumor progression [16, 58] . Nonetheless, more researchers still tend to verify the roles of MELK in tumor by using RNA interferences and small molecule inhibitors [59, 60] . Wang et al. also demonstrate that both tools (RNA interference and CRISPR) can be used to illuminate the requirement of MELK in clonogenic cell growth [58] . In the current study, MELK was knockdown by shRNA (siRNA) and OTSSP167, which strongly reduced the proliferation and colony formation of EC cells in vitro and in vivo. Although related offtarget effects are yet to be elucidated, OTSSP167 is still capable in directly reducing MELK levels in our studies. It also indicates that the antitumor effect is unlikely to be unrelated to MELK, and MELK is required for EC progression. Furthermore, these MELK knockdown cells (by RNA interference and OTSSP167) showed the same effects on mTORC1 and mTORC2 activating, proving that this mechanism is indeed MELK dependent, and not due to off-target effects. Comprehensive and in-depth analysis are required to give novel insights on how to use OTSSP167 for anti-EC treatment.
In conclusion, our study uncovered a brand-new signaling axis, E2F1ÀMELKÀmTORC1/2, which may promote the progression of EC. Our results highlight the involvement of a potential therapeutic target, gene MELK, in the development of EC. This gene can be transactivated by E2F1, and the MELK protein interacts with MLST8 to then activate the mTORC1 and À2 pathway (Fig. 6 ). Furthermore, our data suggest that a MELK-specific inhibitor, OTSSP167, can suppress EC cell proliferation. Thus, OTSSP167 may be a candidate drug for EC treatment.
